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ADAPTIVE REAL TIME ECG TRIGGERING
AND USES THEREOF

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application claims the benefit of U.S. Provisional
Patent Application No. 60/738,962, filed Jan. 12, 2006, the

content of which 1s incorporated by reference.

FIELD OF THE INVENTION

The present invention 1s directed to methods and apparatus
for generating a trigger from the R wave of an electrocardio-
gram (ECG) waveform using a threshold that adapts to
changes 1n slope of the leading edge of the R wave. The
invention can be used, for example, to trigger an 1ntra-aortic
balloon pump (IABP) to control an intra-aortic balloon
(IAB), to trigger an interactive cardiac device such as a car-
diac stimulator or defibrillator, and as an ECG monitor.

BACKGROUND OF THE INVENTION

Throughout this application wvarious publications are
referred to 1n parenthesis. Full citations for these references
may be found at the end of the specification immediately
preceding the claims. The disclosures of these publications
are hereby incorporated by reference 1n their entireties into
the subject application to more fully describe the art to which
the subject application pertains.

Subjects with poorly functioning hearts can have compro-
mised blood supply to vital organs. The pumping action of the
heart and the systemic blood supply can be improved by the
use of an intra-aortic balloon pump (IABP) to control an
intra-aortic balloon (IAB). IABPs are used in cardiology
patients and cardiac surgery patients (Baskett et al., 2002;
Mehlhorn et al., 1999).

In each cardiac cycle, the LAB 1s inflated by means of the
pumping device after the end of the ejection phase of the left
ventricle of the heart, and 1s deflated again before the com-
mencement of the following ejection phase. It has been sug-
gested that systemic hemodynamics and myocardial eifi-
ciency can be improved by balloon deflation approaching or
simultaneous with left ventricular ejection (Kern et al., 1999).
For optimal functioning of the IABP, 1t 1s important that the
IAB be ntlated and detlated at the correct times in the cardiac
cycle.

Methods and apparatus for controlling the inflation of an
L.AB have been described, for example, 1n Sakamoto et al.,
1995; U.S. Pat. Nos. 4,692,148, 6,258,035, 6,569,103 and
6,887,206; and U.S. patent application Publication Nos.
20040059183 and 20050148812.

Deflation of the IAB can be triggered using the electrocar-
diogram (ECG) of the subject’s heart (e.g., Ohley et al., 2002;
U.S. Pat. Nos. 4,692,148, 4,809,681, 6,290,641 and 6,679,
829). Methods and apparatus for determining a trigger signal
from an ECG have been described (e.g., U.S. Pat. Nos. 4,571,
534’7 and 5,355,891). Typically, the timing of deflation of the
IAB 1s based on the R Wave of the ECG. There 1s a need for
accurate R wave triggering where the trigger adapts in real
time to changes 1n R wave amplitude and rise time during the
leading phase of the R wave.

SUMMARY OF THE INVENTION

The present mvention satisfies this need by providing
improved methods and apparatus for generating a trigger
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from the R wave of an electrocardiogram (ECG) wavetform
using a threshold that adapts to the slope of the R wave while
still within the leading edge of the R wave.

The method comprises the steps of: a) setting a minimum
threshold for the trigger, where the minimum threshold 1s a
percentage of the amplitude of the expected R wave; b) mea-
suring slopes of the R wave over successive small time peri-
ods during the leading edge of the R wave, where slopes
corresponding to waveforms that consist of frequencies
greater than the expected R wave prevent generation of a
trigger; ¢) adjusting the threshold for the trigger for the R
wave during the leading edge of the R wave, where the mini-
mum threshold 1s increased 11 the slopes measured 1n b) are
greater than expected for the R wave; d) applying a scalar
value to the slopes measured 1n b) to set a frequency above
which signal frequencies are not considered valid for recog-
nition as an R wave; and e) generating a trigger within the
leading edge of the R wave when the amplitude of the R wave
reaches the threshold.

The apparatus of the present invention comprises a pro-
cessing unit for: a) setting a minimum threshold for the trig-
ger, where the minimum threshold 1s a percentage of the
amplitude of the expected R wave; b) measuring slopes of the
R wave over successive small time periods during the leading
edge of the R wave, where slopes corresponding to wave-
forms that consist of frequencies greater than the expected R
wave prevent generation of a trigger; ¢) adjusting the thresh-
old for the trigger for the R wave during the leading edge of
the R wave, where the minimum threshold is increased 11 the
slopes measured in b) are greater than expected for the R
wave; d) applying a scalar value to the slopes measured 1n b)
to set a frequency above which signal frequencies are not
considered valid for recognition as an R wave; and ¢) gener-
ating a trigger within the leading edge of the R wave when the
amplitude of the R wave reaches the threshold.

The present invention advances the state of R wave trig-
gering by providing real time triggering during the leading
edge of the R wave with improved trigger recognition and
reduced false triggers and missed triggers.

Additional objects of the invention will be apparent from
the description which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. R wave triggering during different ECG morpholo-
gies. Top panels i FIGS. 1-5 show, from top to bottom,
simulated ECG, slope of ECG over 4 ms periods, and length
filter or adaptive threshold for the R wave trigger. Bottom
panels show, from top to bottom, occurrence of trigger, and
ECG height over periods of 32 ms, 24 ms and 16 ms. The
figure 1llustrates that the adaptive threshold can adjust the
threshold for the R wave trigger during changes in R wave
shape or morphology. The time scale on the X-axis of FIGS.
1-5 1s 1n seconds.

FIG. 2. R wave tniggering during changes in noise level.
The figure 1llustrates how the threshold for R wave triggering
quickly adapts to changes in the noise level on the ECG
signal. The time period over which the ECG height 1s checked
(bottom panel) prevents signal frequencies higher than
expected for the R wave from meeting the trigger criteria.

FIG. 3. R wave triggering during introduction of 60 cycle
noise on ECG. The threshold actively adapts to the 60 cycle
noise by increasing the threshold level during real time. The
time period over which the ECG height 1s checked prevents
frequencies outside of the range of the R wave from generat-
ing a trigger.
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FIG. 4. R wave triggering during modulated 60 cycle noise
on ECG. The threshold rapidly adapts to changes in the

amplitude of the 60 cycle noise.

FIG. 5. R wave triggering during skeletal muscle noise on
the ECG. The threshold actively adapts to electromyographic
(EMG) noise from skeletal muscles by increasing the thresh-
old level to prevent the occurrence of a false trigger.

DETAILED DESCRIPTION OF THE INVENTION

The present invention 1s directed to methods and apparatus
for generating a trigger from an R wave of an electrocardio-
gram (ECG) wavelorm using a threshold that adapts to the
slope of the R wave while still within the leading edge of the
R wave. The invention can be used in subjects with a normal
cardiac rhythm. However, the invention 1s particularly useful
in subjects who have cardiac arrhythmia because 1t allows
carlier R wave recognition, during the leading edge of the R
wave. The earlier an R wave 1s recognized during cardiac
arrhythmia, the more time that 1s available to deflate an LAB
betore the next cardiac cycle. The mvention may be used in
the treatment of human subjects or 1n veterinary medicine.

The method of the present invention comprises the follow-
ing steps a)-e). Step a) mvolves setting a minimum threshold
tor the trigger, where the mimimum threshold 1s a percentage
of the amplitude of the expected R wave. The R wave may
represent an increase or a decrease 1n voltage from the ECG
baseline depending on the polarity of the ECG signal that 1s
recorded. Thus, the leading edge of the R wave may represent
cither a rise or fall from the baseline of the ECG. The ampli-
tude of the expected R wave 1s typically normalized based on
preceding R waves recorded from the same subject. More
recently occurring R waves can be weighted more heavily in
determining the amplitude of the expected R wave than less
recently occurring R waves. The minimum threshold critenia
1s important to prevent falsely triggering on small amplitude
artifacts or noise. The minimum threshold can be set, for
example, at about '3 to about 2 of the amplitude of the
expected R wave. Preferably, the minmimum threshold 1s set at
4 of the amplitude of the expected R wave. The adaptive
trigger threshold feature of the present invention allows a
lower 1itial minimum threshold to be used to allow better
detection of R waves with a slowly changing leading edge,
while not increasing the false trigger rate.

Step b) mvolves measuring slopes of the R wave over
successive small time periods during the leading edge of the
R wave, where slopes corresponding to wavelorms that con-
s1st of frequencies greater than the expected R wave prevent
generation of a trigger. The individual time periods may be,
for example, 1 msec to 5 msec in duration. Preferably, indi-
vidual time periods are at least 4 msec 1n duration. The total
duration of the successive time periods may be, for example,
16-40 msec. This step can involve using a weighted average
ol the observed slope, with the most recent values getting the
most weight and successively less weight applied as the val-
ues gets older. This 1s a dynamic measurement and adjust-
ment that solely relies on the values seen within the existing
R wave and not on previous R waves. Preferably, slopes
corresponding to waveforms that consist of frequencies
greater than or equal to 30-40 Hz are excluded from generat-
ing a trigger. The method can further comprise excluding
slopes corresponding to wavetforms that consist of frequen-
cies less than or equal to 5-10 Hz from generating a trigger.

Step ¢) ivolves adjusting the threshold for the trigger for
the R wave during the leading edge of the R wave, where the
mimmum threshold 1s increased 11 the slopes measured 1n b)
are greater than expected for the R wave. Preferably, the
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4

adjusted threshold 1s not allowed to exceed a maximum per-
centage of the amplitude of the expected R wave. More pret-
erably, the adjusted threshold is not allowed to exceed 257 of
the amplitude of the expected R wave. The minimum thresh-
old criterion set 1n step a) 1s critical 1n that 1t allows time to
sample several small increments of the leading edge of the R
wave 1n order to adjust the threshold value before the mini-
mum threshold value 1s exceeded.

Step d) involves applying a scalar value to the slopes mea-
sured 1 b) to set a frequency above which signal frequencies
are not considered valid for recognition as an R wave. This
teature further improves the recognition of the R wave. The

scalar value can be applied using various mathematical opera-
tions. A preferred method comprises multiplying the slopes
obtained in step b) by a frequency scalar value that determines
the frequencies that are allowed to generate a trigger 1n step
¢). This will eliminate triggers based on frequencies greater

than what the chosen scalar will allow, as 1llustrated 1in Table
1.

TABL.

1

(L]

Effects of frequency scalar on rejection of frequencies for ECG trigger
detection. Frequencies in Hz.

Frequency Scalar

2 2.5 3 3.5 4 5 6

Frequencies = that 70 4% 40 32 28 22 18

are rejected

Step €) mvolves generating a trigger within the leading
edge of the R wave when the amplitude of the R wave reaches
the threshold. The generated trigger may be used to trigger an
intra-aortic balloon pump (IABP). In particular, the trigger
may be used to trigger deflation of an intra-aortic balloon
(IAB) by an intra-aortic balloon pump (IABP). In addition,
the generated trigger can be used to trigger an interactive
cardiac device such as a cardiac stimulator or defibrillator,
and as an ECG monitor.

The mvention also provides apparatus for generating a
trigger from an R wave of an electrocardiogram (ECG) wave-
form using a threshold that adapts to the slope of the R wave
while still within the leading edge of the R wave, where the
apparatus comprises a processing unit for:

a) setting a minimum threshold for the trigger, where the
minimum threshold 1s a percentage of the amplitude of
the expected R wave;

b) measuring slopes of the R wave over successive small
time periods during the leading edge of the R wave,
where slopes corresponding to wavelorms that consist of
frequencies greater than the expected R wave prevent
generation of a trigger;

¢) adjusting the threshold for the trigger for the R wave
during the leading edge of the R wave, where the mini-
mum threshold 1s increased 1f the slopes measured 1n b)
are greater than expected for the R wave;

d) applying a scalar value to the slopes measured in b) to set
a frequency above which signal frequencies are not con-
sidered valid for recognition as an R wave; and

¢) generating a trigger within the leading edge of the R
wave when the amplitude of the R wave reaches the
threshold.

Preferably, the apparatus also includes inputs from the
subject’s electrocardiogram (ECG) and from the subject’s
arterial pressure (AP), and a processing unit for detecting
cardiac arrhythmia in the subject from the subject’s electro-
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cardiogram (ECG) and/or from the subject’s arterial pressure.
Preferably, the apparatus also includes an output that triggers

an IABP, 1n particular deflation of the IAB. The apparatus can
be incorporated in an 1ntra-aortic balloon pump console sys-
tem. The apparatus can include an output that triggers an
interactive cardiac device such as a cardiac stimulator or
defibrillator, and/or an output to an ECG monitor.

The method or processing unit can further comprise requir-
ing that a minimum number of changes 1n amplitude of the R
wave measured over successive time periods 1n step b) are in
the same direction of change in order to generate a trigger.
Requiring a minimum number of segments moving 1n the
same direction helps to rule out a trigger on Irequencies
higher than the expected R wave. This check 1s done starting
with the first time period of the leading edge of the R wave to
pre-validate the trigger so as not to impose any delay in
1ssuing the trigger once the amplitude criteria are satisfied.

The method or processing unit can further comprise requir-
ing that a change 1n amplitude of the R wave measured over an
individual time period 1n step b) has a mimimum change with
respect to the change 1n amplitude measured for the preceding,
time period in order for a trigger to be generated.

The method or processing unit can further comprise
increasing the threshold for the trigger in the presence of ECG
signals having a frequency component in the higher range
expected for the R wave. The ECG normally has a frequency
range of about 10 to 30 Hz. The threshold for the trigger can
be increased, for example, 1n the presence of ECG signals
having a 25-30 Hz frequency component. For example, the
threshold for the trigger of an R wave can be increased in the
presence of signals that are consistent with frequencies of an
R wave such that noise that is less than 24" of the threshold is
excluded from being falsely called an R wave, but the true R
wave 1s still recognized 11 and when 1t exceeds the threshold.
This can be achieved by setting the frequency scalar multi-
plier to a value such that 1t 1s within the upper range of
expected R wave.

Another refinement 1s to have the ECG waveform normal-
1zed i amplitude, such that the amplitude of the ECG 1s
gained to achieve a target value. This allows for a fixed set of
thresholds for triggering and filter coetficients that would not
have to be scaled for the strength of the signal recerved.

The time period during which the threshold 1s checked for
a trigger can be specified. For example, the time period can be
a limited time period, for example a time period o1 16 to 40
ms. The threshold for the trigger can also be checked looking,
back, for example, at 16, 20, 24, 28, 32 and 40 ms intervals.
These specified time 1intervals help define the frequencies that
are allowed to generate a trigger.

The method or processing unit further provides that after a
trigger 1s generated 1n step €), a second trigger cannot be
generated within a specified time period. This time period
may be set, for example, at around 280 ms.

The present invention 1s illustrated in the following Experi-
mental Details section, which 1s set forth to aid in the under-
standing of the imnvention, and should not be construed to limit
in any way the scope of the invention as defined 1n the claims
that follow thereafter.

EXPERIMENTAL DETAILS

Problem to be Solved

A problem existed in recognizing the various morpholo-
gies that can occur for the QRS segment of an ECG. The goal
1s to reliably trigger on the leading edge of the R wave in real
time. The ECGnormally has a frequency range o1 10to 30 Hz.
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The R wave of the ECG can have slopes and rise times that
differ by a factor of 5 or more. The leading edge of the R wave

can have a rise time from 16 msec to 100 msec. Trigger
thresholds set to detect the slowest R waves may also end up
detecting ECG T waves and P waves 1n the faster ECG mor-
phologies. Thus, there 1s the need to have an adaptive trigger
threshold that adjusts 1n real time for differing ECG mor-
phologies.

One purpose of the present invention 1s to prevent trigger-
ing on a signal that has frequencies above the normal range
that would otherwise have sulficient slope and amplitude to
be considered the leading edge of the R wave. A further
purpose of the mmvention i1s based on the need to recognize the
leading edge of the ECG R wave as soon as possible, so that
the IABP can determine when the next cardiac cycle 1s taking
place. This requirement does not allow for traditional filtering,
techniques that cause a significant propagation delay in the
signal and result 1n late recognition of the start of the R wave.
Results and Discussion

The present invention was incorporated nto a currently
used IABP device (Arrow International AUTOCAT® version
2.22). Intesting against a subset of the American Heart Asso-
ciation (AHA) ECG database (42 tapes), the following
improvements in R wave triggering were obtained with the
present invention compared to the version of the IABP with-
out the present invention. The percentage of missed triggers
was reduced 40% and the percentage of false triggers was
reduced 90%. Thus, the present invention provides better
detection of a wide range of R waves while at the same time
reducing the incidence of false detection.

As shown 1n FIGS. 1-5, the results and apparatus disclosed
herein provide correct triggering on the leading edge of the R
wave during periods of normal ECG signals and wide ECG
signals, as well as during periods of 60 Hz noise from elec-
trical apparatus and during electromyographic (EMG) noise
from skeletal muscles. FIG. 1 shows R wave triggering during
different ECG morphologies. The wide ECG shapes shown
on the right hand side of the figure can occur during premature
ventricular contraction. FIG. 2 1llustrates how the threshold
for R wave triggering quickly adapts to changes in the noise
level on the ECG si1gnal. FIGS. 3 and 4 show correct R wave
triggering during periods where the ECG signal 1s contami-
nated with 60 Hz noise such as occurs from pickup from
clectrical apparatus. FIG. 5 shows that the threshold for R
wave triggering actively adapts to electromyographic (EMG)
noise from skeletal muscle by increasing the threshold level
to prevent the occurrence of a false trigger.

Use of the adaptive trigger threshold of the present inven-
tion allows a lower nitial threshold to be utilized to allow
better detection of wide or slow R waves while not increasing
the false trigger rate. Noise immmunity 1s also improved
because noise and artifacts tend to be bipolar or random,
while the R wave trigger described herein 1s based on unipolar
trigger recognition. The present invention does not require
convention signal filtering, which causes signal delays, to
reliably trigger on the ECG. This 1s especially beneficial in
times of an arrhythmia when rapid and accurate triggering of
the IABP from the ECG 1s important.
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What 1s claimed 1s:
1. A method of generating a trigger from an R wave of an
clectrocardiogram (ECG) wavetorm using a threshold that
adapts to the slope of the R wave during a leading edge of the
R wave, the method comprising using a processing unit for:
a) setting a threshold for the trigger, where the threshold 1s
a percentage of the amplitude of the expected R wave;

b) measuring slopes of the R wave over successive small
time periods during the leading edge of the R wave;
where slopes corresponding to wavetforms that include
frequencies greater than the expected R wave prevent
generation of a trigger;

¢) adjusting the threshold for the trigger for the R wave

during the leading edge of the R wave, where the thresh-
old 1s increased 11 the slopes measured in b) are greater
than expected for the R wave;

d) applying a scalar value to the slopes measured in b) to set

a frequency above which signal frequencies are not con-
sidered valid for recognition as an R wave; and
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¢) generating a trigger during the leading edge of the R
wave when the amplitude of the R wave reaches the

threshold.

2. The method of claim 1, wherein the amplitude of the
expected R wave 1s normalized based on preceding R waves
recorded from the same subject.

3. The method of claim 2, wherein more recently occurring,
R waves are weighted more heavily in determining the ampli-
tude of the expected R wave than less recently occurring R

waves.

4. The method of claim 1, wherein the threshold 1n step a)
is set at 4™ of the amplitude of the expected R wave.

5. The method of claim 1, wherein the threshold 1n step a)
1s set at 4 of the amplitude of the expected R wave.

6. The method of claim 1, wherein individual time periods
in step b) are 1 msec to 5 msec in duration.

7. The method of claim 1, wherein individual time periods
in step b) are at least 4 msec in duration.

8. The method of claim 1, wherein the successive time
periods 1n step b) have a total duration of 16-40 msec.

9. The method of claim 1, wherein slopes corresponding to
wavelorms that predominately have frequencies greater than
or equal to 40 Hz are excluded from generating a trigger.

10. The method of claim 1, wherein slopes corresponding
to wavelorms that predominately have frequencies greater
than or equal to 30 Hz are excluded from generating a trigger.

11. The method of claim 1, wherein the adjusted threshold
1s not allowed to exceed a maximum percentage of the ampli-
tude of the expected R wave.

12. The method of claim 1, wherein the adjusted threshold
is not allowed to exceed 24™ of the amplitude of the expected
R wave.

13. The method of claim 1, which further comprises
excluding slopes corresponding to wavelorms that predomi-
nately have frequencies less than or equal to 5 Hz from
generating a trigger.

14. The method of claim 1, which further comprises
excluding slopes corresponding to wavetorms that predomi-
nately have frequencies less than or equal to 10 Hz from
generating a trigger.

15. The method of claim 1, which further comprises requir-
ing that a minimum number of changes 1n amplitude of the R
wave measured over successive time periods 1n step b) are in
the same direction of change 1n order to generate a trigger.

16. The method of claim 1, which further comprises requir-
ing that a change 1n amplitude of the R wave measured over a
time period of the successive small time periods in step b) has
a minimum change with respect to the change in amplitude
measured over a preceding time period of the successive
small time periods 1n order to generate a trigger.

17. The method of claim 1, which further comprises
increasing the threshold for the trigger 1n the presence of ECG
Signals having a frequency component in the higher range
expected for the R wave.

18. The method of claim 1, which further comprises trig-
gering an intra-aortic balloon pump (IABP) by the trigger
generated during the leading edge of the R wave 1n step e).

19. The method of claim 1, which further comprises trig-
gering deflation of an intra-aortic balloon (IAB) by an 1ntra-
aortic balloon pump (IABP) by the trigger generated during
the leading edge of the R wave 1n step e).

20. The method of claim 1, which further comprises trig-
gering a cardiac device by the trigger generated during the
leading edge of the R wave 1n step e).

21. The method of claim 20, wherein the cardiac device 1s
a cardiac stimulator, a defibrillator, or an ECG monitor.
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22. An apparatus for generating a trigger from an R wave of
an electrocardiogram (ECG) wavetform using a threshold that
adapts to the slope of the R wave during a leading edge of the
R wave, the apparatus comprising a processing unit for:
a) setting a threshold for the trigger, where the threshold 1s
a percentage of the amplitude of the expected R wave;

b) measuring slopes of the R wave over successive small
time periods during the leading edge of the R wave,
where slopes corresponding to wavetorms that include
frequencies greater than the expected R wave prevent
generation of a trigger;

¢) adjusting the threshold for the trigger for the R wave

during the leading edge of the R wave, where the thresh-
old 1s increased 1f the slopes measured 1n b) are greater
than expected for the R wave;

d) applving a scalar value to the slopes measured 1in b) to set

a frequency above which signal frequencies are not con-
sidered valid for recognition as an R wave; and

¢) generating a trigger during the leading edge of the R

wave when the amplitude of the R wave reaches the
threshold.

23. The apparatus of claim 22, wherein the apparatus com-
prises an mput from the electrocardiogram (ECG) of a sub-
ject.

24. The apparatus of claim 23, wherein the apparatus com-
prises an mput from the subject’s arterial pressure.

25. The apparatus of claim 22, wherein the apparatus com-
prises a processing unit for detecting cardiac arrhythmia from
a subject’s electrocardiogram (ECG) and/or from a subject’s
arterial pressure.

26. The apparatus of claim 22, wherein the amplitude of the
expected R wave 1s normalized based on preceding R waves
in the ECG.

277. The apparatus of claim 26, wherein more recently
occurring R waves are weighted more heavily in determining
the amplitude of the expected R wave than less recently
occurring R waves.

28. The apparatus of claim 22, wherein the threshold 1n a)
1s set at 4rd of the amplitude of the expected R wave.

29. The apparatus of claim 22, wherein the threshold 1n a)
1s set at 12 of the amplitude of the expected R wave.

30. The apparatus of claim 22, wherein idividual time
periods 1n b) are 1 msec to 5 msec 1n duration.

31. The apparatus of claim 22, wherein idividual time
periods 1 b) are at least 4 msec 1n duration.

32. The apparatus of claim 22, wherein the successive time
periods 1 b) have a total duration of 16-40 msec.
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33. The apparatus of claim 22, wherein slopes correspond-
ing to wavelorms that predominately have Irequencies
greater than or equal to 40 Hz are excluded from generating a
trigger.

34. The apparatus of claim 22, wherein slopes correspond-
ing to wavelorms that predominately have frequencies
greater than or equal to 30 Hz are excluded from generating a
trigger.

35. The apparatus of claim 22, wherein the adjusted thresh-
old 1s not allowed to exceed a maximum percentage of the
amplitude of the expected R wave.

36. The apparatus of claim 22, wherein the adjusted thresh-
old is not allowed to exceed 24™ of the amplitude of the
expected R wave.

377. The apparatus of claim 22, wherein the processing unit
excludes slopes corresponding to wavetorms that predomi-
nately have frequencies less than or equal to 5 Hz from
generating a trigger.

38. The apparatus of claim 22, wherein the processing unit
excludes slopes corresponding to wavelorms that predomi-
nately have frequencies less than or equal to 10 Hz from
generating a trigger.

39. The apparatus of claim 22, wherein the processing unit
requires that a mimmimum number of changes 1n amplitude of
the R wave measured over successive time periods 1n step b)
are 1n the same direction of change in order to generate a
trigger.

40. The apparatus of claim 22, wherein the processing unit
requires that a change 1n amplitude of the R wave measured
over a time period of the successive small time periods 1n step
b) has a minimum change with respect to the change in
amplitude measured over a preceding time period of the suc-
cessive small time periods 1n order to generate a trigger.

41. The apparatus of claim 22, wherein the processing unit
increases the threshold for the trigger 1n the presence of ECG
signals having a frequency component in the higher range
expected for the R wave.

42. The apparatus of claim 22, wherein the apparatus com-
prises an output that triggers an intra-aortic balloon pump
(IABP).

43. The apparatus of claim 22, wherein the apparatus com-
prises an output that triggers deflation of an intra-aortic bal-
loon (IAB) by an intra-aortic balloon pump (IABP).

44. The apparatus of claim 22, wherein the apparatus 1s
incorporated 1n an intra-aortic balloon pump console system.
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